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Abstract: Persistent luminescent amorphous borosilicate
scaffolds were successfully prepared, for the first time,
with a porosity of >70% using the burn-off technique.
The persistent luminescence was obtained by adding the
SrAl,04:Eu?*,Dy>* microparticles: i) in the glass melt or
ii) in the glass crushed into powder prior to the sintering.
The scaffolds prepared by adding the microparticles in the
glass melt exhibits lower persistent luminescence and a
slower reaction rate in simulated body fluid than the scaf-
folds prepared by adding the microparticles in the glass
powder due to the release of strontium from the micropar-
ticles into the glass during the glass melting.

Keywords: borosilicate glasses, SrAl,04:Eu’?*,Dy>* mi-
croparticles, persistent luminescence, scaffold, in-vitro
testing, direct particle doping method

1 Introduction

Lindfors et al. reported that bioactive glass particles disso-
lution was incomplete even 14 years post-surgery although
the in-vitro study predicted the complete dissolution of
the glass [1]. This clearly showed the importance of follow-
ing the materials reaction, in-vivo and in real time. Persis-
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tent luminescent (PeL) materials have become, in the past
years, an important class of functional materials [2] find-
ing application in optical bioimaging among other. PeL
refers to the type of emission that lasts from seconds to
hours, after the removal of the irradiation source [3]. The
combination of glass materials and persistent lumines-
cent particles has great potential for breakthrough in light-
based technology for the medical field allowing a better un-
derstanding of the glass reaction in-vivo through bioimag-
ing. However, despite the great potential of these new com-
posites, their studies have been limited. The main reason
lies in the challenges in precipitating persistent lumines-
cent crystals within a glassy matrix. Glass ceramics which
contain a glassy phase and Eu?*,Dy>*-doped SrAl,0, per-
sistent luminescence particles have been fabricated using
the so called “Frozen sorbet method” by Nakanishi et al.
[4]. However, with this technique, the glass composition
should not only precipitate a PeL crystal but also nucle-
ate those crystals in the bulk materials rather than at the
surface, in order to have good crystals dispersion. Later,
PeL phosphate-based bioactive glasses were successfully
obtained by adding PeL microparticles (MPs) in the glass
batch prior to the melting [5-7]. However, this melting pro-
cess could not be used to prepare PeL silicate glasses due
to their high glass melting temperature at which the MPs
are not thermally stable. Therefore, the melting process
was modified; PeL bioactive borosilicate glasses could be
obtained by adding the PeL. MPs in the glass melt prior to
quenching the glass [8].

Due to their architectural structure, porous scaffolds
have been of great interest especially for bone healing
processes [9]. To be considered as good candidates, the
scaffold must possess specific properties [10]: they must
be biocompatible and permit cell adhesion, normal func-
tioning of the cell and cell migration. After implantation,
the scaffold must also present negligible immune reaction
to reduce inflammatory response. Additionally, the scaf-
folds should degrade and disappear with time as they are
not permanent implants. Finally, the scaffold should have
a porous three-dimensional (3D) architecture with inter-
connected pore structure [9]. Recently, it was found that
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borosilicate glass can be sintered into 3D porous scaffolds
allowing good bioactivity [11, 12]. However, these scaffolds
do not exhibit spectroscopic properties to allow one to
track in-vivo the bioresponse of the scaffold.

We present, for the first time to the best of our knowl-
edge, the preparation and the in-vitro testing of borosil-
icate bioactive scaffolds with PeL properties. The prepa-
ration of the PeL scaffolds is first presented. The in-vitro
testing was performed by immersing the scaffolds in sim-
ulated body fluid (SBF). Their dissolution was assessed by
ICP-OES. The change in the Pel. was investigated as a func-
tion of the immersion time in SBF.

2 Material and methods

Borosilicate glass scaffolds, with the composition
26.93Si02 -26.93]32 03 -22.66Na2 0-1.72P2 05 21.77Ca0 (il’l
mol%), were prepared with persistent luminescence us-
ing the burn-off technique. The persistent luminescence
of the scaffolds was obtained by adding 2 wgt% of com-
mercial persistent luminescent microparticles (MPs) with
the composition SrAl,04:Eu?*,Dy>* (Jinan G.L. New Mate-
rials, China, BG-01) in the glass. The raw materials used
to prepare the glass were SiO, (Umicore, 99.99%), and
Na,COs; (Honeywell, >99.5%), H3BO;3; (Sigma Aldrich,
>99.5%), CaCOs3 (Alfa Aesar, 99%), and CaHPO,-2H,0
(Sigma Aldrich, 98%).

Two techniques were used to prepare the persistent lu-
minescent scaffolds. The MPs were added in the glass melt
as in [8]: the glass was first melted at 1250°C for 30 min
and then the temperature of the melt was reduced to 950°C
for the addition of the SrAl,0,4:Eu®*, Dy>* MPs. The MPs
containing glass was then quenched 3 min after adding
the MPs and finally annealed at 400°C, during 6 h to re-
move the residual stress from the quench. After annealing,
the glass was crushed and sieved to a particle size <38um
to favor flow sintering and densification [11]. The glass to
porogen (NH,(HCO3)) ratio was 30/70 in volume. The glass
powder and porogen were mixed, pressed into pellets at 25
MPa and sintered at 300°C for 5h and finally at 555°C for
1h. The scaffolds prepared using this technique are labeled
“MPs-containing glasses™.

The other technique used to prepare the persistent lu-
minescent scaffolds was to melt the glass at 1250°C for
30 min. After annealing at 400°C for 6 h, the glass was
crushed and sieved to a particle size <38um. The MPs were
mixed with the glass powder in a mortar until uniform dis-
tribution of the MPs in the glass powder as checked from
an uniform green persistent luminescence from the MPs-
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glass powder mixture. As for the other scaffold, the glass
to porogen (NH,(HCOs)) ratio was 30/70 in volume and
the mixture was pressed at 25 MPa and finally sintered at
300°C for 5h and finally at 555°C for 1h. The scaffolds pre-
pared with this technique are labeled “addition of MPs in
the glass powder”.

A scanning electron microscope (Carl Zeiss Crossheam
540) equipped with Oxford Instruments X-Max" 80 EDS de-
tector was used to image and analyze the composition of
the samples. The samples were coated with a thin carbon
layer before EDS mapping. The accuracy of the elemental
analysis was + 1.5 mol%.

The persistent luminescence (PeL) spectra were mea-
sured at room temperature using a Varian Cary Eclipse
Fluorescence Spectrophotometer equipped with a Hama-
matsu R928 photomultiplier (PMT). The samples were irra-
diated for 5 min at room temperature with a compact UV
lamp (UVGL-25, 4 W, Aexc: 254 nm) and the spectra were
measured 1 min after ceasing the irradiation using a data
collection time of 4 s for the whole spectrum. The pho-
toluminescence (PL) spectra were measured using a CCD
camera (Avantes, AvaSpec-HS-TEC) (Aexc: 266 nm, Nd:YAG
pulse laser, 8 ns, TII Lotis).

The in-vitro testing was performed in simulated body
fluid (SBF) [13]. The pH was adjusted to 7.4 at 37°C. The PeL
scaffolds were immersed in SBF for 24h, 48h, 72h, 1 week
and 2 weeks at 37°C in an incubating shaker (100 RPM).
The SBF volume to mass of scaffold ratio was kept constant
at 10ml/100mg in all experiments. After every immersion,
the pH was measured and 1 ml of the immersion solution
was diluted in 9 ml of 1M HNO5 for ICP-OES (ICP-OES 5110,
Agilent technology) analysis. In order to perform the in-
vitro testing, 12 scaffolds for each series were prepared.

3 Results and discussion

The scaffolds were obtained using the burn-off technique
by adding PeL microparticles (2wgt%) during the melting
(scaffold labeled as MPs-containing glasses) and also in
glass powder (scaffold labeled as addition of MPs in the
glass powder). The porosity of all the scaffolds was mea-
sured at (72 + 2) %. As seen in Figure 1, no sharp peaks are
seen in the XRD pattern of the scaffold prepared from the
MPs-containing glasses. However, the XRD pattern of the
scaffold obtained by adding the MPs in the glass powder
prior to the sintering exhibits few peaks which are similar
to those of the MPs alone. Therefore, no or little amount of
other crystals than the MPs are expected in the glass ma-
trix confirming that the sintering process did not lead to
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Figure 1: XRD pattern of the scaffolds and of the MPs alone

the crystallization of the glass matrix. Therefore, the sinter-
ing process is thought to be optimized to prepare scaffolds
with an appropriate porosity required for bone tissue engi-
neering.

As explained in [8], the MPs are expected to be cor-
roded when added in the glass melt. Therefore, in agree-
ment with the absence of peaks in the XRD pattern of
the scaffolds prepared from MPs-containing glass, a lower
amount of MPs are expected in the scaffolds prepared from
the MPs-containing glass than in the scaffolds prepared
by adding the MPs in the glass powder. Nonetheless, de-
spite some corrosion of the MPs, when introduce in the
glass melts, in all cases the PeL properties of the remaining
particles is not found to be greatly impacted. No inhomo-
geneity in the intensity of the PeL within each scaffold and
between the scaffolds from the same series was detected
confirming the homogeneous dispersion of the MPs inside
each scaffold and between the scaffolds.

The PeL and PL spectra of the investigated scaffolds
are presented in Figure 2a and 2b, respectively.

The PeL spectra exhibit a band at 520 nm which is due
to the 4f°5d' — 4f” transition in Eu®* [4]. One can no-
tice that the scaffolds (MPs in the glass powder) exhibit a
stronger PeL than the scaffolds (MPs-containing glasses).
The normalized PL spectra of the scaffolds (Figure 2b) ex-
hibit a band at 532 nm, which is the harmonic of the exci-
tation and also a band centered at 525 nm with a shoulder
at ~425 nm, which can be associated to the 4f°5d! — 4f’
emission from Eu?* located in two different cation sites in
the SrAl, 0, structure [14]. Additional bands at ~590 and
615nm, not present in the PL spectra of the MPs alone, are
seen in the PL spectra of the scaffolds prepared from the
MPs-containing glass. These bands are related to the emis-
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sion from Eu>* ions [7]. As explained in [8], the MPs are ex-
pected to be corroded during the melting leading to the dif-
fusion of the MPs elements to the glasses, including Eu?*
which are suspected to be oxidized into Eu** when diffus-
ing in the glass. It should be pointed out that no changes
in the PL spectra (not shown here) were observed at each
step of the fabrication of the scaffold for both scaffolds in-
dicating that the fabrication process has no impact on the
Eu?* site and on the formation of Eu>*.

The bioactive response of the scaffolds was tested us-
ing SBF. The scaffolds were immersed in SBF for 2 weeks.
The PeL spectra of the scaffolds are presented in Figure 3a
and 3b.

Upon immersion in SBF, a decrease in the PeL inten-
sity can be detected. A similar reduction in the PeL in-
tensity of sintered bodies upon immersion in SBF was re-
ported in [15] and was related to the mineralization of the
sintered bodies. Therefore, it is shown here that the scaf-
folds with appropriate porosity and persistent lumines-
cence can be used to track the bioresponse of the glass
overtime.

The mass loss of the scaffolds and the pH of the solu-
tion as a function of immersion time are presented in Fig-
ures 4a and 4b, respectively.

The mass loss, which can be related to the dissolution
rate, increases with immersion time in SBF. Although the
scaffolds have the same composition, the initial mass loss
of the scaffolds prepared by adding the MPs in the glass
powder is the fastest indicating that this scaffold possesses
a faster dissolution rate than the scaffold prepared from
MPs-containing glass. One should point out that after 2
weeks in SBF, the mass loss is similar for both scaffolds.
As seen in Figure 4b, the pH increases upon immersion in
SBF. This can be related to the release of alkaline and al-
kaline earth ions from the glass to the solution increasing
the basicity of the solution as explained in [15, 16]. The ini-
tial increase in pH is faster when immersing the scaffold
prepared by adding the MPs in the glass powder than the
scaffold prepared from MPs-containing glass. One can ob-
serve that after 2 weeks, the pH of solution containing the
scaffold prepared by adding the MPs in the glass powder is
slightly higher than for solutions containing the scaffolds
prepared from MPs-containing glass.

The Figure 5 presents the Si (a), B (b), Ca (c), P (d) and
Sr (e) concentration upon immersion time in SBF.

Upon immersion in SBF, Si, B, and Ca are released
into the solution confirming the progressive dissolution
of the scaffolds in SBF in agreement with the increase in
the mass loss (Figure 4a) and in the SBF pH overtime (Fig-
ure 4b). As expected, the scaffold prepared from the MPs-
containing glass exhibits a slower initial dissolution rate
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Figure 2: Persistent luminescence (PeL) (a) and normalized conventional luminescence (PL) (b) spectra of the scaffolds. Also shown are the
spectra of the MPs alone (the PeL band was normalized to the PeL band of the scaffold prepared by adding the MPs in the glass powder)
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Figure 3: Persistent luminescence spectra of the scaffolds prepared by adding the MPs in the glass powder (a) and from MPs-containing
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b)

a)
20 4
15 4
=
. ¢
3 10
w
w -
©
= -
54 }/
ol d —m— Addition of M Ps in glass powder
—a&— MPs containing glass

—a— Addition of MPs in glass powder
—e— MPs containing glass

T T T T T
100 150 200

Time (h)

T T
250 300

350

Figure 4: Mass loss of the scaffolds (a) and pH of the solution (b) as a function of time in SBF

T T T T T T T T T
150 200 250 300

Time (h)

350



DE GRUYTER Novel borosilicate bioactive scaffolds with persistent luminescence =—— 5

a) b)

100

400
—=— Addition of MPs in glass powder —a— Addition of MPs in glass powder
—&— MPs containing glass 350 - —®— MPs containing glass

300 A

Si concentration (mg/ml)
B concentration {ug/mil)
ka
.

T T T T T T T
a 50 100 150 200 280 200 350

Time (h)

T T T T T T T
o 50 100 150 200 250 200 350

Time (h})

c) d)

200
—=— Addition of MPs in glass powder a0 4 —a— Addition of MPs in glass powder
—=&— MPs containing glass —#— MPs containing glass
250
—_ 25 A
€ E
= S
= 200 =320
o c
= =
g g
= E 15
9 150 -| o
o c
O (o]
(] 10 -
00
O o
100
5
50 T T T T T T 0= T T U T T T =
0 s0 100 150 200 250 200 250 [ 50 100 150 200 250 200 250
Time (h) Time (h)
e)
-
—a— Addition of MPs in glass powder
&4 —®—MPscontaining glass
—s4
£
£
=
3
=,
c
=4
=
o
€ 3
o
o
s
8 2+
=
w
14
o4
T T T T T T T

0 50 100 150 200 250 200 250
Time (h}
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than the other scaffold. As seen in Figure 4e, a high release
of Sr was detected from the scaffold prepared from the MPs-
containing glass. The high Sr content released in the solu-
tion can be related to the glass preparation. Indeed, as ex-
plained in [8], the MPs are suspected to decompose when
added in the glass melt. The corrosion of the MPs by the
glass melt leads to the diffusion of the MPs elements in
the glass. Therefore, a large amount of Sr ions is suspected
to leach out from the MPs to the glassy phase during the
preparation of the glass which is then released when the
scaffold is immersed in SBF. One should point out that the
bioactivity of the S53P4 glass was found to be retarded
when replacing CaO by SrO [17]. Therefore, it is possible
that the dissolution rate of the investigated borosilicate
glasses is reduced due to the presence of Sr ions in the
glass matrix.

The decrease in P content (Figure 5d) is a sign of the
precipitation of a Ca-P layer [12], which can be confirmed
using FTIR. Figure 6 shows the IR spectra measured at the
surface of the scaffolds prepared from the MPs-containing
glass post immersion, taken as an example.

——0h
—— 24h
72h
— 1 week
— 2 week

Relative Intensity (A.U.)

2500 3000 3500 4000

T
1500

T
1000

Wavenumber (cm™)

Figure 6: IR spectra of the scaffolds (MPs-containing glass) for up to
2 weeks in SBF

The IR spectra exhibit the same bands as those re-
ported and analyzed in [18]. Upon immersion in SBF, the
bands at 930 and 1380 cm™! decreases in intensity at the
expense of the band at 1023 cm™!. According to [18], these
changes are a clear sign of the dissolution of the borate
network and of the soluble silica from the glass as well
as of the formation of the formation of the hydroxycarbon-
ated apatite (HA) layer. Indeed, upon immersion, the main
band shifts to 1019 cm™! and sharpens due to the appear-
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ance of the band at ~1030cm ™! assigned to v4s(POP) vibra-
tion of Q? units in large rings [19]. The presence of PO is
also evidenced by the bands at ~880cm™?, assigned to P-O
vibrations [20] and at ~960 cm™ attributed to the v4s(P-O-
P) vibration of Q? units in small rings [19]. The shoulder
at ~960 cm™! can also be assigned to C-O vibration modes
in CO2~, supported by the increase of the doublet in the
1350-1550cm ™ region, typical of vibration from carbonate
group, with increasing immersion time. The broad band
in the 2750-3500 cm™! region, related to water absorption
[21], increases in intensity with increasing immersion time
in agreement with the formation of a HA layer on top of
hydrated silica-rich layer. In summary, the presence of the
bands related to OH, CO and PO vibrations confirms the for-
mation of the HA layer at the surface of the scaffold which
is a promising sign of bioactivity [17, 18]. Similar changes
in the IR spectra upon immersion in SBF were recorded
from the other scaffolds. It is the progressive reaction of the
scaffolds with SBF, associated with the progressive glass
dissolution and the formation of an amorphous CaP layer,
which is thought to reduce the intensity of the PeL proper-
ties of the scaffolds.

As seen in Figure 7a and 7b, particles with an average
size of ~25-50 pum were found, the composition of which
was SrAl,O4 confirming that the MPs maintained their
compositional integrity in their center and so their PeL. and
PL properties as discussed in the previous section.

Leaching of Al and Sr elements from the MPs to the
glass can be seen in the scaffolds prepared from the MPs-
containing glass. It is the leaching of these elements from
the MPs which is thought to modify the site of the Eu?* and
therefore to lead to low PeL intensity.

Glass particles can also be seen in Figures 7 and 8.

A layer with a thickness of ~5pm can be seen at the
surface of the glass particles upon immersion in SBF. This
layer is formed by 2 two distinct layers as seen in [12, 22]:
the first layer is rich in Si while the outermost layer is rich
in Ca and P with a Ca/P ratio ~1.61, close to HA, as typically
reported in such bioactive glasses. Indeed, as reported in
a thorough in-vitro dissolution and cell culture study, on
both discs and extracts, upon dissolution/reaction of this
glass (especially as particles) a HA layer forms at the glass
surface [22]. The precipitation of HA is a first indication of
the potential glass bioactivity. It is interesting to point-out
that the precipitation of HA occurs also within the core of
the scaffolds, and not only at the surface, which is an indi-
cation of pore size and interconnection promising for fluid,
nutrient and mass transport.
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Figure 7: SEM/EDS line profiles giving the elemental distribution across the MP diameter and interface with the scaffold prepared by adding
the MPs in the glass powder (a) and from the MPs-containing glass (b) after 2 weeks in SBF
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Figure 8: SEM images of the scaffolds prepared by adding the MPs in the glass powder (a) and from the MPs-containing glass (b) post
immersion in SBF for 2 weeks in SBF
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4 Conclusion

New Pel borosilicate scaffolds were prepared using the
burn-off technique with a porosity of >70%. They exhibit
PeL, the intensity of which decreases upon immersion in
SBF while maintaining the amorphous nature of the con-
struct. Upon immersion in SBF, a hydroxycarbonated ap-
atite (HA) layer precipitates at the surface of the glass par-
ticles which is a promising sign of bioactivity. From the
changes in pH of the SBF solution and the mass of the
scaffolds, the scaffold prepared by adding the MPs in the
glass melt exhibits a slower reaction rate than the scaf-
fold prepared by adding the MP in the as-prepared glass
crushed into powder. This difference in the dissolution rate
is thought to be related to release of Sr from the MPs into
the glass during the glass preparation.

We clearly show that the newly developed scaffolds
can be used to track in-vivo implant mineralization, the
progressive decrease in the persistent luminescence prop-
erties being related to the progressive mineralization over-
time.
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